was performed in the fourth intercostal space and the heart was suspended in a pericardial cradle. Using blunt dissection, the left anterior descending coronary artery was isolated free from surrounding myocardiurn at the tip of the left atria1 appendage. Coronary artery flow was measured with an electromagnetic flow probe. A hypodermic needle with a blunted end was placed parallel to the coronary artery and a suture was passed around both the coronary artery and the needle. The suture was tied securely and the needle was withdrawn, thereby producing a critical stenosis. The needle size was adjusted so that the maximal hyperemic response to a lo-second occlusion of the coronary artery was reduced by 60% or more without reducing resting coronary artery flow. The left anterior descending coronary artery was then occluded using a snare formed from a loop of silicone rubber tubing passed through a blunt-ended polyethylene tube. After 90 minutes, the occlusive snare was removed and flow was restored through the stenosed artery. The proximal 5 mm of the left circumflex coronary artery was isolated and the tip of a 30-gauge insulated silver wire was inserted through the wall into the vessel lumen. A bipolar electrode (25-gauge insulated stainless steel wire, 4 to 5 mm in length, 2 mm apart) was placed into the interventricular septum adjacent to the right ventricular outflow tract and silver electrodes were implanted subcutaneously for monitoring of a lead II ECG. The chest was closed in layers and the animals received intramuscular ampicillin (10 mg/kg).
Previous studies have shown that this method of programmed electrical stimulat.ion fails to produce ventricular arrhythmias in sham-operated animals without previous myocardial infarction." Programmed stimulation was discontinued when ventricular tachycardia was reproduced in t.riplicate or when the entire stimulation procedure was completed.
The lead II ECG was recorded continuously on a Grass model 7 polygraph and was stored on magnetic tape. The effective refractory period of normal left ventricular myocardium was determined at two times diastolic threshold (4 msec duration square wave pulse).
Drug administration.
On day three after myocardial infarction, normal sinus rhythm had returned and the animals were allocated randomly to one of two treatment groups in a double-blind fashion. One group received intravenous saline (20 ml) every 12 hours for four doses and the second group received bretylium tosylate, 10 mg/kg in 20 ml saline, every 12 hours for four doses. After 24 hours of treatment (12 hours after the second dose and immediately before the third dose), programmed electrical stimulation was performed while the animal was conscious and resting comfortably in a sling.
Initiation of current flow to the intimal surface of the left circumflex coronary artery. Immediately after drug administration (dose 3), an anodal direct current of 150 PA was applied to the electrode previously inserted into the left circumflex coronary artery. The current source was a 9 V battery placed in series with a 250 kQ potentiometer. The cathode was a silver disc electrode (5 mm diameter) previously implanted subcutaneously.
Electrical stimulation of the intimal surface was continued for 12 hours. The lead II ECG was transmitted from the conscious ambulatory dog via radiotelemetry and recorded continuously on magnetic tape for 12 hours followed by intermittent sampling (28 seconds of recording every 15 minutes) for an additional 12 hours. After administration of the third treatment dose, an Twenty-four hours after initiation of current flow to the anodal current of 150 PA was applied to the intimal intimal surface of the left circumflex coronary artery, the surface of the left circumflex coronary artery. Twelve hours later, the final (fourth) treatment dose was admin istered and the anodal current was discontinued. surviving animals were killed with an overdose of sodium pentobarbital. The heart was removed and sectioned into 1 cm rings from apex to base, parallel to the atrioventricular groove. The sections were placed into 0.5% triphenyltetrazolium chloride in 0.1 M potassium phosphate buffer, pH 7.4. Infarct size was determined gravimetrically. The left circumflex coronary artery was removed by careful dissection and was examined for the presence of thrombosis.
Statistics.
Differences in survival rates between groups were analyzed by the Fisher exact test. Differences between groups were determined by a one-way analysis of variance. A value of p < 0.05 was selected as the criterion for significance. Data are expressed as mean * the standard error of the mean @EM).
RESULTS

Programmed
electrical stimulation.
On day 4 after myocardial infarction, the presence or absence of underlying myocardial electrical instability was determined by the use of programmed electrical stimulation. In saline-treated animals, programmed electrical stimulation produced nonsustained ventricular tachycardia in six animals and failed to produce ventricular tachycardia in four animals.
Ventricular fibrillation was produced in one dog, thereby eliminating this animal from further study. In drug-treated animals, programmed stimulation performed 12 hours after the second bretylium dose failed to produce ventricular tachycardia in nine animals and produced nonsustained ventricular tachycardia in one animal. This was a significant reduction in the incidence of myocardial electrical instability in the bretylium-treated group (p = 0.027). The left ventricular effective refractory period (interventricular septum) in bretyliumtreated animals (189 i 3 seconds) was significantly greater (p < 0.01) than that observed in salinetreated animals (153 k 4 seconds).
Application of current to the intimal surface of the left circumflex coronary artery. An anodal current of 150 PA was applied to the intimal surface of the left circumflex coronary artery via a wire previously inserted into the arterial lumen. In saline-treated animals (n = lo), ST segment elevation or depression in excess of 0.3 mV developed at 138 +-39 minutes. Ventricular fibrillation occurred in 9 of 10 animals at 162 + 39 minutes and was preceded by the development of premature ventricular beats at 142 it_ 37 minutes, with development of ventricular tachycardia at 156 -t 49 minutes. Representative ECGs from saline-treated animals can be seen in Fig. 1 .
In bretylium-treated animals (n = lo), ST segment elevation or depression in excess of 0.3 mV developed at 128 +-35 minutes. Ventricular fibrillation developed in one animal at 16 hours and in a second animal at 9 hours. Two animals died at 42 minutes and 58 minutes, respectively, after the development of bradycardia which led to idioventricular rhythms and electromechanical dissociation. Six animals survived the entire 24-hour protocol. All surviving animals developed posterolateral wall infarction and premature ventricular ectopic beats (89 ? 5 % of all beats at 24 hours). Ventricular tachycardia did not appear in 8 of 10 animals until 286 +-37 minutes after the appearance of ST segment changes. A representative lead II ECG obtained from a bretylium-treated animal is shown in Fig. 2 . Bretylium treatment significantly increased survival when compared to saline treatment (Fig. 3) .
No significant difference in time to ST segment change was observed between the two treatment groups. The extent of irreversible ischemic injury produced by a go-minute occlusion-reperfusion of the left anterior descending coronary artery did not differ between saline (14.6 + 2.2 gm, 14.1 rfr 2.3% of left ventricle) and bretylium (15.2 -t 2.1 gm, 15.1 + 2.1% of left ventricle) treated groups. In salinetreated animals, irreversible ischemic damage within the left circumflex coronary artery distribution was not observed except in the one animal surviving the entire 24-hour protocol. Myocardial infarction (16 -t 2% of left ventricular mass) was observed within the left circumflex distribution of all eight animals of the bretylium-treated group which survived 9 or more hours into the experimental protocol.
Intimal injury and occlusive coronary artery thrombi were observed within the left circumflex coronary artery in all 13 animals surviving in excess of 3 hours after electrical stimulation was initiated. Nonocclusive thrombi or an absence of thrombosis was observed in six of seven animals dying prior to 3 hours. Thrombus mass was not different in saline (10 +-4 mg) and bretylium (20 + 6 mg) treated groups.
DISCUSSION
Animal models. Epidemiologic'z,'3 and electrophysiologic4." studies in patients resuscitated from episodes of sudden coronary death have revealed the presence of coronary artery disease and continuing myocardial electrical instability. The search for pharmacologic interventions capable of preventing sudden coronary death has been hampered primarily by a lack of suitable animal models. Most animal models currently used for the study of antiarrhythmic drugs poorly simulate the continuous electrical instability associated with the development of reentrant ventricular arrhythmias and sudden coronary death. Ventricular tachyarrhythmias present 24 to 72 hours after experimental myocardial infarction (the widely used model of Harris"? rarely proceed to Volumb 105 Numb+? 5 Bretylium-prevented VF in sudden coronary death model 715 ventricular fibrillation. The frequency of ventricular premature beats declines over a period of several days, not representing chronic myocardial electrical instability, with the relative slow rate of ventricular tachycardia resulting from enhanced Purkinje fiber automaticity rather than from localized reentry of myocardial electrical activity.'? Reentrant ventricular arrhythmias produced by coronary artery occlusion or reperfusion frequently terminate in ventricular fibrillation.
The arrhythmias also poorly simulate the presence of chronic myocardial electrical instability so prevalent in patients resuscitated from episodes of sudden coronary death. Recently it has been shown that ventricular tachyarrhythmias produced in the dog by programmed electrical stimulation 3 to 14 days after myocardial infarction closely resemble those observed in patients rescued from out-of-hospital death. These ventricular tachyarrhythmias can be initiated and terminated with premature ventricular stimuli.8~s~ 18-22 Induction of ventricular tachyarrhythmias is dependent upon local fractionation of electrical activity and delayed activation of ventricular myocardium.
Areas of unidirectional block and circuitous delayed activation of isolated segments of ventricular myocardium have been demonstrated. 22 Continuous diastolic electrical activity has been recorded from areas overlying irreversibly injured ventricular myocardiurn 18*ls providing further support for the existence of i reentrant mechanism. More importantly, the electrical instability is present over a period of weeks and can result in the development of ventricular fibrillation.
Programmed electrical stimulation.
Despite the close similarities in the electrophysiologic and clinical aspects of programmed electrical stimulation in the dog during the subacute phase of myocardial infarction and in patients resuscitated from sudden coronary death, programmed electrical stimulation in the dog differs from the development of sudden coronary death in humans in two major aspects. (1) ECGs recorded from patients at risk for development of sudden coronary death are marked by a high incidence of multiform premature ventricular beats, ventricular couplets, and nonsustained ventricular tachycardia.23,24 During the convalescent phase of experimental myocardial infarction in the dog 3 to 14 days after myocardial infarction, spontaneous development of ventricular arrhythmias is rare. (2) Ventricular fibrillation followed by circulatory collapse, the presumed etiology of sudden coronary death, develops spontaneously in humans. In the dog, ventricular fibrillation develops only upon provocation by the electrical induction of premature ventricular beats. The conscious canine model of sudden coronary death described here spontaneously develops ventricular arrhythmias and ventricular fibrillation when acute myocardial ischemia is produced in the presence of chronic myocardial electrical instability resulting from previous myocardial infarction; this may provide a model which closely simulates the development of ventricular fibrillation in humans. Recent work performed in our laboratory has shown that the increased sensitivity to development of ventricular fibrillation is maintained for more than 30 days after myocardial infarction in the left anterior descending distribution, with ventricular fibrillation developing in seven of seven animals subjected to electrical stimulation of the left circumflex coronary artery intimal surface. Although the animals studied in this report were examined 4 days after myocardial infarction, we believe that comparable mechanisms may be involved when acute ischemia intercedes at later times. Still, it remains difficult to extrapolate these results to humans, since the exact triggers or circumstances responsible for initiation of ventricular fibrillation in humans are unknown. Nevertheless, this study does demonstrate the ability of bretylium to prevent the high incidence of ventricular fibrillation observed when acute ischemia intervenes in the setting of earlier myocardial infarction.
Bretylium electrophysiologic properties.
Bretylium exerts both direct effects upon cardiac tissue and indirect effects mediated via its action upon the sympathetic nervous system. Either one or both of these actions may be involved in the ability of 716 Holland, Patterson, and Lucchesi bretylium to prevent ventricular fibrillation in the conscious canine model we have described. The direct action of bretylium upon cardiac tissue is to increase action potential duration, an effect most prominently exhibited in ventricular myocardium.25s 26 This action was probably responsible for the significantly larger effective refractory periods observed in the bretylium-treated animals, and may be the mechanism by which bretylium prevents the induction of ventricular tachyarrhythmias in response to programmed electrical stimulation during the recovery phase of experimental myocardial infarction.'*'
The acute administration of bretylium releases catecholamines from sympathetic nerve terminalsz7 After uptake into sympathetic nerve terminals, bretylium inhibits catecholamine release caused by sympathetic nervous system stimulation.2v27 The release of catecholamines from sympathetic nerve terminals can cause hyperpolarization of damaged cardiac cell fibers and can improve myocardial conduction 26*27 This action of bretylium has also been suggested as a possible mechanism for its antifibrillatory action. 26 However, inhibition of norepinephrine release from sympathetic nerve terminals may be involved in the ability of bretylium to prevent ventricular fibrillation resulting from acute myocardial ischemia in the presence of prior myocardial infarction. Swartz and Stone28 have shown that left stellate ganglionectomy lowers the incidence of ventricular fibrillation produced by a short-term occlusion-reperfusion of the left circumflex coronary artery in the presence of previous myocardial infarction. Interruption of sympathetic nerve release of norepinephrine in the heart may have prevented myocardial electrical instability in our experiments and may be a factor in bretylium's antifibrillatory action.
Conclusions.
Recent advances in our knowledge concerning risk factors associated with the development of ventricular fibrillation during the post hospital phase of myocardial infarction have enhanced our ability to identify groups of patients at high risk for the development of sudden coronary death. 23, 24 The identification of efficacious antifibrillatory compounds such as bretylium tosylate through the use of appropriate animal models may help identify effective pharmacologic interventions capable of reducing mortality in these high risk patients. The antifibrillatory actions of bretylium tosylate make this drug a serious candidate for continued study in humans to determine its efficacy in reducing the risk for sudden coronary death. t&y. 1983 American Heart Journal
